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SUMMAKT 


This  is  the  First  Annual  Report  of  a  research  project  "Laser  Induced 
Chemical  Vapor  Deposition  of  Gallium  Arsenide  Films"  sponsored  by  the  Free 
Electron  Laser  Material  Science  Program  of  the  office  of  Naval  Research 
under  contract  number  ONR  N00014-86-K-0740.  The  objective  of  this  project 
is  to  investigate  the  epitaxial  growth  of  device  quality  III-V  semicon¬ 
ductor  films  by  the  free  electron  laser-induced  epitaxial  growth  technique 
at  temperatures  considerably  below  the  temperature  required  in  the  conven¬ 
tional  deposition  process. 

The  approaches  used  in  this  program  include  (a)  the  use  of  an  excimer 
laser  before  the  FEL  is  available*  (b)  the  homo-  and  hetero-epitaxial 
growth  of  GaAs,  AlJCGa1_xAs  on  single  crystalline  GaAs  and  Si  substrates  by 
using  the  laser-induced  MOCVD  process,  and  (c)  the  characterization  of 
structural  and  electronic  properties  of  the  deposited  films. 

Major  efforts  during  this  reporting  period  have  been  directed  to  (a) 
the  installation  and  operation  of  an  excimer  laser  and  a  dopant  profiler, 

(b)  the  determination  of  optical  absorption  coefficients  of  the  source 
materials,  (c)  the  design  and  construction  of  a  low  pressure  reaction 
chamber  and  the  control  system,  (d)  the  deposition  of  homoepitaxial 
gallium  arsenide  films  by  the  computer  controlled  MOCVD  system  using 
conventional  heating,  and  (e)  the  deposition  and  characterization  of 
gallium  arsenide  films  on  single  crystalline  gallium  arsenide  and 
germanium  substrates  by  laser-induced  MOCVD. 

The  deposition  of  GaAs  films  have  been  carried  out  by  the  ArF  laser- 

induced  MOCVD  over  a  wide  range  of  process  parameters.  Homoepitaxial  GaAs  c 

•io: 


films  with  specular  mirror  smooth  surface  have  been  obtained  in  the  sub¬ 
strate  temperature  range  of  425-500°C,  considerably  below  the  650-750°C 
required  for  conventional  MOCVD.  The  deposited  films  are  p-type  with  the 

hole  concentrations  in  the  range  of  (3-4)  z  1 0 1 S  cm'  '3  to  (1-2)  z 
1  ft  —3 

10  °  cm  .  The  carbon  content  in  the  GaAs  films  deposited  at  500°C  is 
4  z  1017  to  2  z  1018  cm""3.  The  hole  mobilities  are  (150-200)  cm2/V-sec. 
Thus,  the  properties  of  the  homoepitazial  GaAs  films  by  the  ArF  ezcimer 
laser-induced  MOCVD  are  similar  to  those  deposited  by  the  conventional 
MOCVD  technique. 

The  heteroepitazial  growth  of  GaAs  films  on  single  crystalline  Ge 
substrates  has  been  also  carried  out  by  the  laser-induced  MOCVD. 
Preliminary  results  indicate  that  GaAs  films  grown  on  Ge  substrates  are 
similar  to  homoepitazial  GaAs  films  in  properties. 

A  paper  entitled  "ArF  Ezcimer  Laser-Induced  Epitazial  Growth  of 
Gallium  Arsenide  Films"  has  been  submitted  to  Applied  Physics  Letter  for 
publication. 
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Section  1.0 


HRKODOCTXON 

This  is  the  First  Annual  Report  of  a  research  project  "Laser  Induced 
Chemical  Vapor  Deposition  of  Gallium  Arsenide  Films"  sponsored  by  the  Free 
Electron  Laser  Material  Science  Program  of  the  office  of  Navel  Research 
under  contract  number  ONR  N00014-86-K-0740.  The  objective  of  this  project 
is  to  investigate  the  epitaxial  growth  of  device  quality  III-V  semicon¬ 
ductor  films  by  the  free  electron  laser-induced  epitaxial  growth  technique 
at  temperatures  considerably  below  the  temperature  required  in  the  conven¬ 
tional  deposition  process. 

III-V  compound  semiconductors  have  become  increasingly  important  in 
electronic  devices  and  circuits.  Gallium  arsenide  (GaAs).  indium 
phosphide  (InP),  and  many  III-V  ternary  and  quaternary  alloys  have  unique 
applications  in  radiation  detectors,  solid-state  lasers,  microwave, 
electro-optic,  and  gigabit-rate  logic  devices.  The  homo-  and  hetero- 
epitaxial  growth  techniques  are  essential  to  provide  device- qua!  ity  III-V 
compounds  and  their  alloys  needed  for  the  majority  of  these  devices. 

The  three  epitaxial  technologies  in  use  at  present  are:  vapor  phase 
epitaxy  (VPE),  liquid  phase  epitaxy  (LPE),  and  molecular  beam  epitaxy 
(MBE).  The  VPE  is  currently  the  dominant  epitaxial  growth  technique  used 
in  industry  to  obtain  n-  and  p-GaAs,  InP,  and  III-V  alloys.  VPE  is  a 
flexible  process,  and  n-  and  p-  layers  varying  in  carrier  concentration 
from  mid-10*^  to  10*^  cm~^  and  thickness  from  less  than  one  hundredth  of  a 
micrometer  to  100  micrometers  can  be  grown.  The  VPE  processes  can  be 
subdivided  into  (a)  the  chloride  and  (b)  the  metalorganic  chemical  vapor 
deposition  (MOCVD)  processes.  The  chloride  VPE  processes,  utilizing 


AsClg-Ga-^  or  HCl-Ga-AsH^,  are  capabla  of  producing  epitaxial  layers  with 
low  carrier  concentrations  and  high  electron  nobilities.  However,  the 
chloride  systems  have  not  been  successful  for  the  growth  of  aluminum- 
containing  III-V  alloys  because  of  the  reactivity  of  aluminum  halides  [1], 
The  epitaxial  growth  of  GaAs  by  MOCVD  using  trimethylgallium  and  arsine  in 
a  hydrogen  atmosphere  was  demonstrated  in  1969  [2].  Interest  in  MOCVD 
technology  for  the  epitaxial  growth  of  III-V  compounds  has  increased 
considerably  since  epitaxial  layers  of  microwave  device  quality  were 
demonstrated  [3].  MOCVD  has  been  used  for  the  fabrication  of  many  high 
performance  devices,  including  lasers,  quantum  well  heterostructures, 
photocathodes,  GaAs  low-noise  and  power  FETs,  and  solar  cells  [4-8].  Of 
all  the  alternative  epitaxial  techniques,  MOCVD  has  demonstrated  the 
capability  to  grow  the  widest  variety  of  III-V  materials  with  excellent 
doping  and  thickness  control.  Monolayer  thickness  and  transition  [9,10] 
are  possible.  Very  low  thresholds  in  AlxGa1_xAs/GaAs  lasers  [11]  and 
uniform  emission  wavelength  in  Gaj_xInxPyAs^_y  lasers  [12]  have  also  been 
demonstrated.  The  process  is  capable  of  growing  several  different  III-V 
alloy  systems  in  the  same  apparatus,  in  any  sequence,  during  a  single 
deposition  process.  For  example,  abrupt  heterojunction  structures,  such 
as  GaFyAsj_y/Ga^_xInxAs,  has  only  be  prepared  by  the  MOCVD  process. 

In  the  conventional  MOCVD  process,  the  deposition  temperatures  are 
usually  in  the  range  of  600-800°C.  The  advantages  of  the  epitaxial  growth 
of  GaAs  and  other  III-V  compounds  at  lower  temperatures  by  the  MOCVD 
technique  are  well  recognized.  For  example,  the  contamination  and  inter¬ 
diffusion  can  be  minimized  in  multilayer  device  structures,  the  process- 
induced  defects  due  to  thermal  stress  can  be  reduced,  and  the  processing 
flexibility,  such  as  the  epitaxial  growth  of  GaAs  on  Si,  can  be  increased. 


The  growth  of  device  quality  GaAs  on  Si  substrates  can  open  up  many 
avenues  in  device  fabrication.  The  major  advantage  of  this  technology  is 
the  possibility  to  merge  the  high  electron  mobility  of  GaAs  with  the  high- 
level  integration  capabilities  of  Si.  It  is  anticipated  that  a  new  breed 
of  integrated  circuits  combining  Si-based  digital  circuits  with  GaAs 
optoelectronics  can  be  achieved  for  light-based  interconnections.  For 
example,  GaAs/AlxGa^_xAs  optoelectronic  interface  units  could  provide 
high-data-rate  optical  link  to  replace  wire  interconnects  between  Si  VLSI 
subsystems.  In  the  near  term,  the  GaAs  on  Si  technology  can  provide  low- 
cost,  less-brittle  GaAs  wafers  since  Si  wafers  have  superior  mechanical 
strength.  For  example,  usually  as  many  as  half  of  the  bulk  GaAs  wafers 
break  in  most  integrated  circuit  processing  lines.  GaAs  devices  would 
also  benefit  from  the  higher  thermal  conductivity  of  silicon  substrate. 
Furthermore,  GaAs  wafers  can  reach  the  size  of  current  Si  wafers  (5  to  8" 
in  diameter).  Currently,  the  bulk  GaAs  wafers  have  diameters  of  only 
2  to  3". 

The  major  difficulties  involved  in  obtaining  device  quality  GaAs  on 
Si  aze  the  mismatches  in  lattice  parametrs  (GaAs:  5.654  X;  Si:  5.431  X) 
and  thermal  expansion  coefficients  (GaAs:  6.8  x  10“®  °C“*j  Si:  2.6  x 
10~6  °C_1)  between  GaAs  and  Si.  Because  of  these  mismatches,  epitaxial 
GaAs  layers  on  Si  substrates  have  high  dislocation  densities,  anti-phase 
domains,  and  microcracks.  The  dislocation  densities  and  anti-phase  domains 
can  be  minimized  by  using  silicon  substrates  3°  to  4°  off  the  [100] 
orientation,  the  germanium  interlayer,  the  superlattice  buffer  layer,  or 
the  combination  of  low  and  high  processing  temperatures.  However,  the 
microcracks  generated  in  the  epitaxial  GaAs  layer  grown  by  conventinal 


MOCVD  cannot  be  eliminated  due  to  the  use  of  high  deposition  temperatures. 
Therefore,  the  epitaxial  growth  of  GaAs  on  Si  at  reduced  growth  tempera¬ 
ture  with  reasonable  growth  rates  is  desirable  to  produce  crack-free 
films. 

Several  reduced  temperature  growth  techniques  are  available,  such  as 
molecular  beam  epitaxy  (MBE)  and  plasma- enhanced  MOCVD.  Although  the  GaAs 
film  deposited  by  the  MBE  technique  is  of  high  quality,  the  MBE  technique 
requires  the  use  of  ultrahigh  vacuum,  and  the  deposition  rate  is  very  low 
('vl  pm/hr)  [13].  The  epitaxial  growth  of  GaAs  by  plasma-enhanced  MOCVD 
with  growth  rate  of  about  0.1  p  m/min  at  300°  -  500°C  has  been  reported 
[14];  however,  this  process  has  not  been  extensively  studied  to  determine 
the  quality  of  the  deposited  films.  The  use  of  high  power  ultraviolet 
radiation  and  tunable  wavelength  FEL  offers  a  novel  approach  to  the  prepa¬ 
ration  of  device-quality  semiconductor  films  of  controlled  electrical  and 
structural  properties.  The  excitation  of  reaction  species  to  higher  elec¬ 
tronic  states  by  the  FEL  will  enable  the  use  of  considerably  lower  tempe¬ 
ratures  for  the  preparation  and  crystal  growth  of  semiconductors.  The 
approaches  used  in  this  program  include  (a)  the  use  of  an  excimer  laser 
before  the  FEL  is  available  since  most  of  the  source  materials  for  the 
MOCVD  of  III-V  semiconductors  absorb  radiation  in  the  ultraviolet  region, 
(b)  the  homo-  and  hetero-epitaxial  growth  of  GaAs,  Al^Ga^^As  on  single 
crystalline  GaAs  and  Si  substrates  by  using  the  laser-induced  MOCVD  pro¬ 
cess  at  deposition  temperatures  considerably  below  the  temperature 
required  in  conventional  MOCVD,  and  (c)  the  characterization  of  structural 
and  electronic  properties  of  the  deposited  films  in  correlation  with  the 
deposition  parameters. 


4 


Major  efforts  during  this  reporting  period  have  been  directed  to  (a) 
the  installation  and  operation  of  an  excimer  laser  and  a  dopant  profiler, 
(b)  the  determination  of  optical  absorption  coefficients  of  metal organic 
compounds,  (c)  the  design  and  construction  of  a  low  pressure  reaction 
chamber  and  the  control  system,  (d)  the  deposition  of  homoepitaxial 
gallium  arsenide  films  by  the  computer  controlled  MOCVD  system  using 
conventional  heating,  and  (e)  the  deposition  and  characterization  of 
gallium  arsenide  films  on  single  crystalline  gallium  arsenide  and 
germanium  substrates  by  laser-induced  MOCVD,  Homoepitaxial  growth  of 
gallium  arsenide  films  has  been  achieved  at  temperatures  as  low  as  425°C 
by  laser-induced  MOCVD.  This  capability  of  low  temperature  epitaxial 
growth  is  expected  to  have  wide  industrial  applications.  A  paper 
entitled  "ArF  Excimer  Laser-Induced  Epitaxial  Growth  of  Gallium  Arsenide 
Films,"  submitted  for  publication  in  Applied  Physics  Letter,  is  attached 
as  Appendix  A.  The  experimental  procedures  and  results  are  discussed  in 
the  following  sections. 


Section  2.0 


METALORGANIC  CHEMICAL  VAPOR  DEPOSITION  (MOCVD) 

The  MOCVD  process  was  developed  in  the  late  sixties  [15].  The  early 
work  on  MOCVD  dealt  primarily  with  heteroepitaxial  GaAs  films  on  single 
crystalline  insulating  substrates,  such  as  sapphire  and  beryllium  oxide 
[15.16].  During  the  last  ten  years,  new  materials  requirements  have 
developed  from  the  increasing  interest  in  the  use  of  certain  compound 
semiconductor  devices  that  employ  submicron  layers  and  high  quality 
heterojunctions  between  two  different  semiconductor  materials.  The  MOCVD 
materials  technology  is  well-suited  to  the  fulfillment  of  these  require¬ 
ments.  The  use  of  MOCVD  for  the  growth  of  thin  film  III-V  compound 
semiconductors  has  been  widely  studied  and  used  for  the  growth  of  a  number 
of  potential ly-important  semiconductor  devices.  The  MOCVD  process  for  the 
growth  of  III-V  semiconductor  films  is  discussed  in  this  section. 

2.1  MOCVD  PROCESS 

The  MOCVD  process  involves  the  reaction  of  gaseous  mixtures  of  one  or 
more  hydride  and  one  or  more  metalorganic  compound  on  the  substrate 
surface.  The  metalorganics  of  interest  are  typically  liquids  at  room 
temperature  with  relatively  high  vapor  pressures  and  can  be  readily  trans¬ 
ported  into  the  reactor  by  bubbling  a  carrier  gas,  such  as  H2»  through  the 
liquid  source.  The  hydrides  of  interest  are  gases  at  room  temperature  and 
are  generally  used  as  dilute  mixtures  in  a  matrix.  The  reaction 
between  the  metalorganic  compound  and  the  hydride  is  usually  carried  out 
in  a  H2  atmosphere  in  an  a  gas  flow  reactor.  Deposition  temperatures  are 
in  the  range  of  600-800°C.  The  MOCVD  growth  of  GaAs  involves  the  chemical 
reaction  between  trimethylgallium  (TMG)  (b.p.  55.7°C)  and  arsine,  AsH^,  in 


a  hydrogen  atmosphere 


h2 

(CH3)36a(g)  +  AsH^g)  - ►  GaAs(s)  +  3CH4(g) 

Similar  reactions  are  used  for  the  growth  of  other  binary,  ternary,  and 
quaternary  conpound  semiconductors.  The  growth  of  AlxGa^_zAs  can  be 
carried  out  by  substituting  part  of  the  TMG  with  trimethylaluminum  (TMA): 

h2 

(l-*)t(CH3)3Ga](g)  v  x[(CH3)3Al](g)  +  AsH3(g)  - ►  Al^^Cs)  +  3CH4(g) 

700°C 

The  composition  of  the  solid  solution,  x,  is  directly  related  to  the 
relative  initial  partial  pressures  of  TMG  and  TMA  in  the  vapor  phase. 
This  is  also  true  for  many  quaternary  III-V  alloys  grown  by  MOCVD,  for 
example,  Gai_xAlxAfli_yPy*  The  ‘doping  in  the  grown  material  can  be 
accomplished  by  using  diethylzinc  (DEZ)  or  bis-cyclopentadienyl  magnesium 
as  the  p-type  dopant  and  H3Se  or  SiH4  as  the  n-type  dopant. 

2.2  MOCVD  APPARATUS 

A  MOCTD  reactor  consists  mainly  of  the  gas  handling  system  and  the 
reaction  chamber.  A  schematic  diagram  of  the  MOCVD  reactor  is  shown  in 
Fig.  2-1.  The  gas  handling  system  includes  the  source  alkyls  and  hydrides 
and  the  instruments  necessary  to  control  the  gas  flows.  Hydrogen  purified 
by  diffusion  through  a  Pd-Ag  alloy  is  generally  used  as  the  carrier  gas. 
The  source  alkyls  are  held  in  temperature  controlled  baths  and  electronic 
mass  flow  controllers  are  used  to  regulate  the  flow  of  the  carrier  gas. 
The  hydrides  are  gases  (usually  10Z  mixtures  in  H3)  and  the  flow  rates  are 
also  measured  by  mass  flow  controllers.  Each  of  the  reactants  is  fed  into 
a  common  manifold  and  valving  schemes  are  employed  to  switch  the  sources 
from  the  reactor  manifold  to  a  vent  manifold.  This  allows  the  intervening 
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Figure  2-1  Schematic  diagram  of  the  MOCVD  apparatus . 


piping  to  fully  purge  before  injection  into  the  reactor,  and  it  also 
allows  injection  into  the  reactor  to  be  terminated  without  flushing  exces¬ 
sive  lengths  of  tubing.  The  critical  valves  are  automated  and  interfaced 
to  n  computer,  as  are  the  flow  controllers.  A  computer  controlled  MOCVD 
system  has  been  constructed  as  shown  in  Fig.  2-2  and  is  being  used  in 
this  project. 

In  the  conventional  MOCVD,  the  substrates  are  usually  placed  on  a 
silicon  carbide  coated  graphite  susceptor  in  a  fused  silica  reaction  tube, 
and  the  susceptor  heated  externally  by  an  rf  generator.  This  cold-wall 
reactor  avoids  undesirable  deposition  on  the  wall  of  the  reactor  and 
homogeneous  nucleation  through  reactions  in  the  gas  phase.  It  is  essential 
that  the  chemical  reaction  takes  place  on  the  heated  substrate  surface. 
Volume  reaction  results  in  the  formation  of  molecular  clusters  of  random 
orientations  in  the  space  surrounding  the  substrate,  and  the  deposition  of 
these  clusters  on  the  substrate  will  produce  non-adherent  deposit.  While 
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RF  induction  is  the  most  commonly  used  method  for  heating  the  susceptor. 

Radiation  from  quartz-halogen  lamp  or  resistance  heater  placed  underneath 
or  embedded  into  the  substrate  holder  has  also  been  used  to  heat  the 
substrate. 

The  conventional  MOCVD  can  either  be  carried  out  under  atmospheric  or 

reduced  pressure.  The  advantage  of  using  reduced  pressure  is  to  avoid 

turbulent  flow  dynamics  and  to  increase  deposition  efficiency.  A  low 

pressure  control  system  connected  to  the  exhaust  of  the  reaction  chamber 

is  essential  to  maintain  a  constant  pressure  in  the  reaction  chamber.  jj 

Furthermore,  a  control  orifice  or  valve  positioned  between  the  manifold 

and  the  low  pressure  reaction  chamber  is  needed  so  that  the  gas  handling 

system  is  operated  at  a  fixed  pressure  and  is  independent  of  the  pressure  j 

of  the  reaction  chamber.  ] 

* 
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2.3  MOCVD  PROCESS  PARAMETERS 

As  discussed  in  Section  2.1.  the  MOCVD  technique  can  be  used  for  the 
growth  of  a  large  variety  of  III-V  binary,  ternary,  and  quaternary 
compounds.  In  this  section,  the  process  parameters  for  the  homoepitaxial 
growth  of  GaAs  and  AlxGaj_xAs  by  MOCVD  will  be  discussed. 

MOCVD  is  a  simple  technique  in  which  the  growth  rate  and  composition 
of  the  epitaxial  layer  can  be  controlled  independently  and  are  relatively 
constant  over  a  wide  range  of  growth  temperatures.  In  the  case  of  GaAs, 
the  growth  rate  is  directly  proportional  to  the  group  III  alkyl  partial 
pressure  and  nearly  constant  over  the  temperature  range  of  600-850°C  under 
excess  AsH3  partial  pressure  [17].  In  this  temperature  range,  the  growth 
rate  is  mass-transport  limited  by  the  diffusion  of  TMG  through  the 
boundary  layer  over  the  substrate  surface.  The  growth  rate  is  indepen¬ 
dent  of  the  AsH3  partial  pressure  in  the  presence  of  an  excess  of  AsH3 
(AsH3/TMG  >  1).  However,  the  electrical  properties  of  unintentionally 
doped  GaAs  depend  on  the  AsH3/TMG  molar  ratio.  The  free  carrier  back¬ 
ground  doping  changes  from  p  to  n  type  ss  the  AsH3/TMG  ratio  is  increased. 
A  typical  plot  of  the  background  doping  as  a  function  of  V/III  ratio  is 
shown  in  Fig.  2-3  [18].  The  carbon  atom  has  been  identified  as  the 
residual  acceptor,  either  from  the  CH3  or  ^2^  associated  with  the  alkyls, 
or  from  other  organic  contaminants  in  the  alkyls  [19,20].  The  higher  hole 
concentration  at  reduced  AsH3/TMG  ratios  is  attributed  to  the  increase  in 
As  vacancies  which  enhanced  the  carbon  incorporation  on  As  sites.  It  has 
been  reported  that  the  background  level  N^-l^  increases  with  the  increa¬ 
sing  AsH3/TMG  ratio  and  the  growth  temperature  as  shown  in  Figs.  2-4  and 
2-5  [7].  The  dominant  n-type  background  impurities  are  Ge  and  Si  in  the 
metal  alkyls,  and  Zn  is  the  dominant  background  acceptor  in  more 


Figure  2-3  Background  currier  concentration  in  GeAu 
film  ae  a  function  of  AgBj/W  ratio. 


contaminated  GaAs.  otherwise  C  predominates  [21].  By  further  purifying 
TMG,  GaAs  with  a  background  doping  n  =  3.7  x  10*^  cm"^  and  electron 
mobility  of  139.000  cmfyv-sec  at  77K  has  been  prepared  [22;23].’ 

The  growth  of  Al^Ga^^As  is  similar  to  that  of  GaAs  with  the  addition 
of  trimethy aluminum  (TMA)  to  TMG  in  the  reaction  mixture.  There  is  a 
close  correspondence  between  the  vapor  and  solid  composition  of  AlxGaj_xAs 
over  a  wide  range  of  substrate  temperatures  (600°-850°C)  and  A6H3  over¬ 
pressures.  Figure  2-6  shows  a  plot  of  composition  as  a  function  of  the 
input  concentration  ratio  of  [TMA] /[TMA  +  TMG]  [24.25].  There  is  a  ten¬ 
dency  that  the  A1  distribution  coefficient  is  slightly  higher  than  unity. 
The  growth  rate  of  the  alloy  increases  with  x  as  shown  in  Fig.  2-7  [24]. 
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At  a  given  alloy  composition,  the  growth  rate  is  proportional  to  the  total 
alkyl  concentration  in  the  reactor  and  independent  of  substrate 
temperature. 

The  behavior  of  dopant  incorporation  can  be  classified  into  two 
categories  [26]:  (a)  all  the  cracked  species  incorporate  into  the  growing 
layer  regardless  of  growth  rate  (mass  transport  limited),  and  (b)  the 
small  fraction  of  incorporated  dopant  is  controlled  by  a  balance  between 
either  evaporation  back  into  the  gas  or  attachment  to  a  lattice  site 
(surface  kinetic  limited).  Elements  which  have  a  relatively  high  vapor 
pressure  at  growth  temperature  such  as  Zn,  Cd,  S,  and  Se  behave  according 
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Figure  2-5  Electron  mobility  (77  K)  in  GeAs  as  a  function  of 
growth  temperature  for  a  V/III  ratio  of  20. 
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Figure  2-6  Solid  composition  z  of  AlxGaj_xAs  as 
a  function  of  gas-phase  cosmos it ion 
TMA/(TMA+THG). 
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Figure  2-7  Normalized  growth  rate  of  Alx6a1^(As 
aa  a  function  of  composition  x. 

to  case  (b)a  whereas  those  with  lower  vapor  pressures  such  as  Si.  Ge.  and 
Sn  behave  according  to  case  (a) . 

The  two  most  often  used  p-type  dopants  are  Zn  and  Hg.  The  hole 
concentrations  in  GaAs  and  AlxGa1_xAs  as  a  function  of  the  mole  fraction 
of  diethylzinc  (DEZ)  in  the  gas  mixture  at  a  growth  temperature  of  730°C 
is  shown  in  Fig.  2-8  [24] .  The  decrease  in  doping  efficiency  with 
increasing  x  was  attributed  to  the  increase  in  the  acceptor  binding  energy 
with  higher  A1  content.  There  is  also  a  strong  dependence  of  Zn  doping  on 
growth  temperature  as  shown  in  Fig.  2-9  [24].  The  source  material  for  Mg 
doping  in  MOCVD  is  biscyclopentadienyl-msgnesium  (Cp2Mg).  The  dependence 
of  hole  concentration  on  Cp2Mg  is  proportional  to  [Cp2Mg  mole  fraction]®, 
where  m  =  1.78  [27].  The  Mg  incorporation  is  about  10  times  more  effi¬ 
cient  than  Zn  due  to  the  lover  vapor  pressure  of  Mg. 

The  group  IV  dopants.  Si,  Ge,  and  Sn,  always  act  as  donors  in  GaAs  or 
AlzGai_zAs  deposited  by  MOCVD.  The  electron  concentration  in  GaAs 
deposited  by  using  SiH^  or  GeH^  as  dopants  increases  exponentially  with 
growth  temperatures  as  shown  in  Fig.  2-10.  This  behavior  is  opposite  to 
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Figure  2-8  Hole  concentration  in  A1  Ga^  As  as  a  function  of 
diethyls inc  (DKZn)  sole  fraction  in  the  gaa  phase. 

the  incorporation  of  the  group  II  acceptors  or  group  VI  donors  [28] .  The 
group  VI  dopants  are  in  the  form  of  dilute  mixtures  of  hydrides  of  S  or  Se 
(H2S  and  ^Se) .  For  S  and  Se  doping,  the  electron  concentrations  vary 
inversely  as  a  function  of  AsHj  concentration  and  growth  temperature,  but 
increases  with  growth  rate.  As  an  example.  Fig.  2-11  shows  a  plot  of 
electron  concentration  as  a  function  of  growth  temperature  for  H2S  doping 
cf  GaAs  [29].  Doping  with  ^Se  shows  the  same  behavior  as  that  with  ^S. 

However,  both  and  ^Se  are  polar  molecules  and  tend  to  adsorb  onto  and 
desorb  off  the  reactor  walls.  This  leads  to  a  problem  when  the  dopants 
are  changed  abruptly  and  this  problem  does  not  exist  with  SiH^  doping. 
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Figure  2-9  Hole  concentration  in  GaAs  a a  a  function  of 
growth  temperature  with  Zn- alkyl  concentra¬ 
tion  as  a  parameter.  (a)  aole  fraction  of 
DMZn  s  2  z  10~'  rand  (b)  aole  fraction  of 
DBZn  *  1.1  *  10"6. 


Furthermore,  S  reacts  with  A1  at  growth  temperatures  and  consequently  is 
not  used  for  AlxGaj_xAs  doping. 


2.4  EXPERIMENTAL  RESULTS  -  CONVENTIONAL  MOCVD 

The  epitaxial  growth  of  GaAs  films  by  the  conventional  MOCVD  techni¬ 
que  has  been  carried  out  using  the  computer  controlled  MOCVD  system  as 
shown  in  Fig.  2-2.  A  horizontal  fused  silica  tube  of  55  mm  ID  was  used  as 
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Figure  2-10 


of  growth  temperature  for  Si  and  Ge  doping 

(a)  mole  fraction  of  SiH*  =  1  a  10”®  and 

(b)  mole  fraction  of  GeH^  =  5  x  10“  . 


the  reaction  chamber,  and  the  deposition  was  carried  out  under  atmospheric 
pressure  in  a  gas  flow  system.  Semi-insulating,  single  crystalline  GaAs 
wafers  of  2°  off  [100]  orientation  toward  a  [110]  direction  were  used  as 
the  substrates.  The  substrates  were  first  etched  in  4:1:1 
solution  followed  by  dipping  into  concentrated  HF  solution.  After  rinsing 
with  distilled  water,  the  substrate  was  placed  on  a  silicon  carbide  coated 
graphite  susceptor  in  the  fused  silica  reaction  tube.  The  susceptor  was 
heated  externally  by  an  RF  generator.  A  thermocouple  inserted  into  the 
graphite  susceptor  was  used  to  monitor  the  substrate  temperatuare.  A  10X 
mixture  of  arsine  in  hydrogen  was  used  as  the  arsenic  source.  The  TMG 
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Figure  2-11  Electron  concentration  in  GaAa  aa  a 
function  of  growth  tewperature  with 
H28  doping. 


vapor  waa  introduced  into  the  reaction  chamber  by  bubbling  H£  through  the 
liquid  in  a  stainless  steel  container,  which  was  held  at  0°C  using  a 
refrigerated  constant  tenperature  bath.  Hydrogen  was  used  as  the  carrier 
gas  and  the  reactant  gases  were  thoroughly  nixed  before  entering  the 
reaction  chamber. 


Prior  to  the  deposition  process,  the  GaAs  substrate  was  heated  to' 
780°C  in  hydrogen  containing  1%  arsine  to  remove  any  oxide  layer  on  the 
substrate  surface.  Epitaxial  GaAs  films  with  good  structural  perfection 
have  been  obtained  under  various  experimental  conditions.  The  deposition 
temperatures  and  AsH^/TMG  molar  ratios  used  in  these  studies  are  680°- 
740°C  and  3  to  16,  respectively.  The  mole  fraction  of  THG  in  the  reac¬ 
tion  mixture  was  fixed  at  8.6  x  10**^.  The  electrical  characteristics  of 
the  deposited  films  were  determined  by  using  the  Polaron  PN  4200  electro¬ 
chemical  carrier  concentration  profiler  and  the  room  temperature  Hall 
measurements.  Without  intentional  doping,  the  deposited  films  are  n-type 
when  the  AsH^/TMG  molar  ratios  are  higher  than  10  and  are  p-type  at  lower 
AsH^/TMG  molar  ratios.  At  the  AsH^/TMG  molar  ratios  higher  than  10,  the 
electron  concentrations  in  the  deposited  films  increases  with  increasing 
growth  temperatures.  As  an  example,  the  net  electron  concentrations  are 
9  x  10*\  2  x  1015.  2  x  10*^,  and  5  x  10*®  cm~^  at  growth  temperatures  of 
680°,  700°,  720°  and  740°C,  respectively,  using  an  AsHj/TMG  molar  ratio  of 
16.  At  the  growth  temperature  of  700°C,  the  net  electron  concentration, 
about  1  x  1015  cm-^,  is  the  lowest  at  an  AsHg/TMG  molar  ratio  of  about  10. 
The  growth  rate  in  the  temperature  range  of  680-740°C  is- 0.2-0. 3  ym/min. 

A  typical  electron  concentration  depth  profile  of  an  undoped  GaAs  film 
deposited  on  n+-GaAs  substrate  for  20  minutes  at  720°C  using  an  AsHg/TMG 
ratio  of  16  is  shown  in  Fig.  2-12.  The  room  temperature  mobilities  of  the 
films  deposited  at  700°C  and  740°C  are  6,500  and  5,200  cm^/V-sec,  respec¬ 
tively,  using  the  AsH^/TMG  molar  ratio  of  16.  These  data  are  similar  to 
those  reported  in  the  literature. 


Figure  2-12  Electron  concentration  depth  profile  of  an 
undoped  GaAs  fila  deposited  at  720°C  using 
an  AsHg/TMG  ratio  of  16. 


Section  3.0 


SELECTION  OF  LASER  FOR  LASER-DDOCED  MOCVD 

A b  discussed  in  Section  1.0,  the  use  of  high  power  ultraviolet  radia¬ 
tion  and  tunable  wavelength  f ree-electron  laser  (FED  offers  a  novel 
approach  to  the  preparation  of  device  quality  seniconductor  files.  The 
fundamental  principles  of  FELs  are  now  well  understood.  The  gain  medium 
consists  of  an  electron  beam  moving  at  speeds  close  to  the  speed  of  light 
in  a  magnetic  field.  The  magnetic  field  is  arranged  so  that  the  electrons 
passing  through  it  are  deflected  alternately  left  and  right.  Thus,  the 
electrons  execute  a  wiggly  motion  through  the  magnetic  field,  called  the 
wiggler,  and  radiate  at  the  frequency  of  the  oscillations.  Because  of  the 
unique  way  in  which  FELs  operate,  they  offer  several  advantages  relative 
to  conventional  lasers.  They  can  be  tuned  to  different  wavelengths  by 
varying  the  electron  energy.  FELs  produce  excellent  optical-beam  quality 
and  most  importantly,  they  can  be  operated  at  extremely  high  power.  At 
present,  the  FELs  operate  at  wavelengths  from  the  millimeter  region  to  the 
visible  part  of  the  spectrum.  Experiments  using  storage  rings  should 
produce  UV  radiation  in  the  next  few  years.  Furthermore,  when  the  better 
electron-beam  quality  is  achieved,  it  will  be  possible  to  operate  FELs  at 
wavelengths  as  short  as  10  nm,  in  the  near-x-ray  part  of  the  spectrum. 
With  the  improved  performance  of  the  laser,  there  will  be  a  vide  variety 
of  applications  in  the  fields  of  medicine,  chemistry,  physics,  and 
materials. 

Since  FEL  is  not  yet  available  at  present  time,  an  excimer  laser  with 
laser  radiation  in  the  UV  region  is  selected  to  carry  out  the  objectives 


of  the  current  program.  The  optical  absorption  characteristics  of  the 
source  materials  for  the  epitaxial  grovth  of  GaAs  and  AlxGa^_zAs  by  MOCVD 
have  been  studied  to  determine  the  wavelength  most  suitable  for  the  laser- 
induced  MOCVD  process.  The  characteristics  of  excimer  laser  and  the 
optical  absorption  properties  of  the  MOCVD  source  materials  are  discussed 
in  this  section. 

3.1  KXCIMKR  LASER 

Excimer  laser  are  pulsed  gas  lasers  having  output  at  a  variety  of  ' 

wavelengths  in  the  ultraviolet  region  of  the  spectrum.  "Excimer"  is  a 
contraction  of  the  term  "excited  dimer"  which  refers  to  a  diatomic 
molecule  bound  in  its  electronically  excited  upper  state  but  repulsive  or 
only  weakly  bound  in  its  lower  ground  state.  The  excimer  is  formed  when 
the  appropriate  gas  mixture  is  excited,  most  commonly  in  a  fast  high- 
voltage  electric  discharge.  For  example,  in  a  typical  Krypton  fluoride 
(KrF)  excimer,  the  gas  mixture  contains  a  buffer  gas  (such  as  He  or  Ne  at 
3000  Torr),  Kr  at  60  Torr,  and  F2  at  a  few  Torr.  The  minute  concentration 
of  halogens,  e.g.  F2  or  HC1,  is  typical  of  excimer  lasers.  Excitation  of 
this  mixture  creates  the  excited  species  KrF*  which  produces  laser  radia¬ 
tion  at  248.5  nm  as  a  result  of  the  transition  to  the  repulsive  gound 
state. 

The  major  components  of  an  excimer  laser  is  shown  schematically  in  1 

Fig.  3-1  [30].  The  electrical  discharge  is  created  by  transferring  the  j 

energy  stored  in  the  main  capacitor,  Cj,  to  the  electrode  assembly 
contained  inside  the  pressure  vessel.  The  electrodes  are  50  to  100  cm 
long,  separated  by  a  few  centimeters,  and  oriented  parallel  to  the  optical 
axis.  The  discharge,  or  the  current  flow,  is  transverse  to  the  optical 
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axis.  Through  proper  design  of  the  electrical  circuitry,  the  excitation 
of  the  laser  gas  occurs  in  the  form  of  a  uniform  glow  discharge  resulting 
in  efficient  lasing  and  long  electrode  lifetime.  The  optical  resonator  i6 
comprised  of  two  mirrors  at  opposite  ends  of  the  electrode  assembly. 
Generally,  one  mirror  is  totally  reflecting  and  laser  output  is  extracted 
through  a  partially  transmitting  mirror  located  at  the  other  end  of  the 
electron  assembly. 

The  excimer  lasers  emit  at  various  wavelengths  in  the  UV  spectral 
region.  The  specific  wavelength  is  determined  by  the  combination  of  rare 
gas  and  halogen  used  and  the  five  most  common  excimers  are  XeF,  XeCl,  KrF, 
KrCl,  and  ArF.  The  characteristics  of  the  Lumonics  Model  HE-460-SM-A 
excimer  laser  used  in  this  work  are  summarized  in  Table  3-1. 

The  short  wavelength  output  of  the  excimer  laser  is  capable  of  either 
breaking  the  chemical  bonds  or  exciting  the  molecule  to  its  higher  elec¬ 
tronic  states,  hence  offering  a  non-thermal  means  of  controlling  a  reac¬ 
tion.  For  example,  this  mechanism  can  be  used  to  create  a  desired  reactant 
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Table  3-1.  Characteristics  of  Loaoni.cs  Model  HE-460-SM-A  Excise  r  Laser 


ArF 

KrCl 

KrF 

XeCl 

XeF 

Wavelength,  nm 

193 

222 

249 

308 

350 

Max.  av.  power.  Watts 

25 

4.5 

45 

18 

22 

Max.  pulse  energy,  mJ 

400 

70 

550 

200 

275 

Pulse  rate  for  max. 
av.  power,  Hz 

80 

80 

100 

120 

100 

Pulse' duration,  ns 

10-1.2 

5-8 

12-15 

8-12 

15-20 

Beam  cross  section,  mm 

8  x  33 

6  x  30 

10  x  33 

6  x  30 

9  x  33 

species  from  the  source  materials  such  as  that  required  in  chemical  vapor 
deposition.  Consequently,  the  deposition  reaction  can  take  place  at 
substrate  temperatures  considerably  lower  than  that  required  in  conven¬ 
tional  thermal  processing. 

3.2  OPTICAL  ABSORPTION  CHARACTERISTICS 

The  excimer  laser  can  be  operated  at  five  specific  wavelengths 
depending  on  the  combination  of  rare  gas  and  halogen  species  as  shown  in 
Table  3-1.  In  order  to  determine  the  most  optimum  wavelength  for  the 
laser-induced  MOCVD  of  GaAs  and  AlxGa1_xAs.  the  optical  absorption  charac¬ 
teristics  of  the  source  materials  in  the  ultraviolet  region  must  be  known. 
The  absorption  spectra  of  TMG,  TMA,  and  a  number  of  other  metalorganic 
compounds  have  been  reported  [31,32].  However,  the  absorption  spectra  of 
arsine  is  not  available.  The  ultraviolet  absorption  spectra  of  TMG,  TMA, 
and  arsine  were  determined  in  this  work  and  were  used  to  compare  with  the 
reported  data. 


The  metalorganic  compounds,  TM6  and  TMA  were  of  electronic  grade 
manufactured  by  Alfa  Products  of  Morton  Thiokel,  Inc,  end  the  10Z  arsine 
in  hydrogen  was  supplied  by  Phoenix  Corporation.  The  absorption  spectra 
were  measured  using  a  Varian  Cary  17D  Spectrophotometer.  For  TMG  and  TMA, 
pure  vapor  of  the  compound  in  the  pressure  range  of  1-5  Torrs  in  a  sealed 
fused  silica  cell  was  used  for  the  measurement.  For  arsine,  a  mixture  of 
10Z  in  hydrogen  with  the  total  pressures  in  the  same  range  were  used.  The 
apparatus  used  for  the  preparation  of  samples  for  UV  spectra  measurements 
is  shown  schematically  in  Fig.  3-2.  The  silica  cell  is  2.5  cm  in  diameter 
and  7.5  cm  long  with  optical  windows  at  both  ends.  The  silica  cell  is 
equipped  with  an  inlet  tube  with  a  shut-off  valve  which  is  used  either  to 
evacuate  the  cell  or  to  fill  the  cell  with  desired  vapor.  Both  the  silica 
cell  and  the  TMG  or  TMA  container  were  evacuated  by  keeping  the  container 
at  -80°C.  After  evacuation,  a  controlled  pressure  of  the  TMG  or  TMA  vapor 
was  introduced  into  the  silica  cell  which  was  then  sealed  and  transferred 
to  the  spectrophotometer. 


Figure  3-2  Schematic  diagram  of  the  apparatus  for  the  preparation 
of  samples  for  the  measurement  of  UV  absorption  spectra. 
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All  the  light  pathway*  in  the  spectrophotometer  were  purged  with 
nitrogen  to  eliminate  the  absorption  of  the  UV  radiation  by  oxygen.  The 
absorption  spectra  of  TMG  at  1  Torr  and  THA  at  1.88  Torr  are  shown  in 
Figs.  3-3  and  3-4.  respectively.  The  maximum  absorbance  for  both  com¬ 
pounds  occured  at  190  nm.  The  maximum  absorbance  shifted  to  the  longer 
wavelength  with  broadening  of  the  peak  width  when  the  vapor  pressure  of 
the  organometallic  compound  is  increased.  At  a  fixed  wavelength,  the 
absorbance '  is  a*  linear  function  of  the  pressure,  as  shown  in  Fig.  3-5  for 
TMG.  The  maximum  absorbance  of  10Z  AsH-j  in  H2  with  a  total  pressure  of 
1.5  Torr  occurs  at  a  wavelength  of  192  nm  (Fig.  3-6).  Therefore,  the  ArF 
excimer  laser  with  193  nm  is  best  suited  for  the  laser  induced  MOCVD  of 
GaAs  and  AlzGa^_zAs. 


WAVELENGTH,  nm 

Figure  3-3  Absorption  spectrum  of  IMG. 


PRESSURE,  Torr 


Figure  3-5  Absorbance  vs  IMG  pressure. 
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Section  4.0 


LASER- IlOUCED  MOCVD 

The  use  of  an  excimer  laser  to  excite  the  reaction  species  to  higher 
electronic  states  is  an  attractive  approach  to  the  low  temperature 
epitaxial  growth  of  1II-V  compounds.  Homoepitaxial  growth  of  InP  films 
using  ArF  (193  nm)  excimer  laser-induced  photochemical  decomposition  of 
(Cl^^In  and  (0113)3?  at  500°C  has  been  reported  [33] .  Similar  approaches; 
however,  have  produced  only  polycrystalline  GaAs  films  at  400°C  using  ArF 
laser  stimulated  decomposition  of  (0113)368  (TMG)  and  (CH3)3As  [34] .  The 
epitaxial  growth  of  GaAs  and  AlxGa^_xAs  using  laser-induced  MOCVD  is 
investigated  in  this  program. 

A  Lumonics  Model  HE-460-SM-A  ArF  laser  was  purchased  and  put  in 
operation  during  the  initial  stage  of  this  program.  The  characteristics 
of  this  laser  have  been  shown  in  Table  3-1.  This  laser  is  capable  of 
operating  at  constant  power  under  microprocessor  control.  The  laser- 
induced  deposition  was  carried  out  under  reduced  pressure  to  minimize  the 
gas  phase  nucleation.  The  design  and  construction  of  the  reaction  chamber 
and  low  pressure  control  system  and  the  epitaxial  growth  .  of  GaAs  are 
discussed  in  thi6  section. 

4.1  LOU  PRESSURE  DEPOSITION  SYSTEM 

The  deposition  chamber  was  made  of  fused  silica  with  a  Suprasil  II 
window,  as  shown  schematically  in  Fig.  4-1.  This  chamber  was  equipped 
with  gas  inlet  and  outlet  tubes,  purging  gas  for  the  window,  and 
thermocouple  insert  for  controlling  and  monitoring  the  substrate 
temperature.  The  substrate  was  heated  by  a  quartz  halogen  lamp  and  the 
surface  of  the  substrate  was  perpendicular  to  the  direction  of  the  laser 
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Figure  4-1  Schematic  diagram  of  the  reaction  chamber. 


beam.  The  low  preasure  control  system,  shown  in  Fig.  4-2.  consisted  of  a 
microprocessor  operated  throttle  valve,  a  Baratron  gauge,  and  a  vacuum 
pump.  The  exhaust  gas  from  the  reactor,  before  entering  the  throttle 
valve,  was  passed  through  a  cracking  furnace  and  a  liquid  nitrogen  trap  to 
ensure  the  complete  decomposition  and  removal  of  all  unreacted  species. 
The  system  is  capable  of  controlling  the  pressure  in  the  reaction  chamber 
down  to  1  Torr  or  less. 

Barmtron 


Figure  4-2  Schematic  diagram  of  the  low  pressure  control  system. 


4.2  DEPOSITION  AND  CHARACTERIZATION  OF  HOMOEPITAXIAL  GaAs  FILMS 

The  deposition  of  GaAs  films  was  carried  out  using  the  gas  handling 
system  described  in  Section  2.2  by  the  laser-induced  reaction  between  TMG 
and  AsH^,  and  H2  was  used  as  the  diluent  and  window  purging  gas.  Single 
crystalline  GaAs  substrate,  after  routine  cleaning  and  etching,  was  placed 
in  the  reactor,  which  was  then  evacuated.  The  pressure  in  the  system  was 
maintained  at  a  fixed  value,  10-30  Torr,  throughout  the  deposition  pro¬ 
cess.  When  the  substrate  reached  the  deposition  temperature,  its  surface 
was  cleaned  in-situ  by  laser  irradiation,  and  the  laser  power  was  adjusted 
so  that  the  etching  caused  no  damage  to  the  substrate.  A  number  of 
deposition  experiments  have  been  carried  out  over  a  wide  range  of  process 
parameters.  Epitaxial  GaAs  films,  on  the  basis  of  metallurgical  examina¬ 
tions,  have  been  obtained  under  the  deposition  conditions  of  the  substrate 
temperatures  of  425-500°C,  the  laser  pulse  energy  of  80-100  mJ,  the  laser 
pulse  rate  of  60-80  Hz,  the  mole  fraction  of  TMG  of  (1-2)  x  10“^  and  the 
AsH^/TMG  molar  ratio  of  4-30.  Without  laser  irradiation,  no  deposition 
was  observed  at  temperatures  up  to  600°C  under  otherwise  the  same 
conditions. 

The  structural  and  electrical  properties  of  the  deposited  films  were 
characterized  by  using  scanning  electron  microscopy,  electrochemical 
carrier  concentration  profile,  SIMS,  and  Hall  measurements.  Specular  and 
mirror  smooth  films  have  been  deposited  at  AsH^/TMG  molar  ratios  of  10  or 
higher  in  the  temperature  range  of  425°-500°C.  However,  the  films  have 
hazy  appearance  when  the  deposition  was  carried  out  at  lower  AsHj/TMG 
molar  ratios.  The  deposition  rate  was  determined  by  direct  measurement  of 
the  angle  polished  and  etched  cross-sectional  surface  of  the  deposited 
film  under  SEM  and  by  using  the  Polaron  Model  4200  depth  profiler.  An 
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example  of  a  SEM  micrograph  is  shown  xn  Fig.  4-3,  where  the  GaAs  film  was 
deposited  at  450°C  for  10  min  using  a  mole  fraction  of  TMG  of  1.6  x  10~\ 
AsHj/TMG  molar  ratio  of  20,  laser  pulse  energy  of  95  mJ,  and  laser  pulse 
rate  of  70  Hz.  The  sample  was  subsequently  angle  polished  at  5°  and 
etched  with  the  AB  etch  [35] ;  the  thickness  of  the  epitaxial  layer  is 
about  0.5  Km.  The  epitaxial  layer  thickness  of  0.5  pm  was  also  obtained 
by  using  the  Folaron  depth  profiler. 

The  .deposition  rate  of  epitaxial  GaAs  decreases  with  decreasing 
substrate  temperature  when  other  process  parameters  are  the  same. 
Figure  4-4  shows  a  plot  of  the  logarithm  of  the  deposition  rate  as  a 
function  of  reciprocal  absolute  temperature  in  the  temperature  range  of 
425°-500°C.  The  mole  fraction  of  TOG,  AsHg/TMG  molar  ratio,  laser  pulse 
energy,  and  laser  pulse  rate  used  for  these  experiments  were  1.6  x  10“\ 
20,  95  mJ,  and  70  Hz,  respectively.  The  linear  relation  at  substrate 


Figure  4-3 


SEM  of  a  5°  angle  polished  and  etched  cross- 
sectional  surface  of  a  GaAs  film  deposited 
at  450°C  for  10  min.  Deposition  conditions: 
mole  fraction  of  IMG,  1.6  x  10“*;  As H, /TMG 
molar  ratio,  20;  laser  pulse  energy,  95  mJ; 
laser  pulse  rate,  70  Hz. 
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1000/TCK) 

Figure  4-4  The  deposition  rate  of  epitaxial  GaAs 
films  as  a  function  of  substrate  tem¬ 
perature.  The  deposition  conditions  are 
the  same  as  those  shown  in  Fig.  4-3. 

temperatures  lower  than  450°C  indicates  that  the  deposition  process  is 
controlled  by  the  reaction  kinetics  at  the  substrate  surface.  At  higher 
temperatures,  the  deposition  rate  becomes  less  dependent  on  the  substrate 
temperature  indicating  that  the  mass  transport  mechanism  dominates. 

The  carrier  concentration  and  mobility  of  the  deposited  film  have 
been  determined  by  the  van  der  Pauw's  technique.  Au-Zn  alloy  was  used  as 
ohmic  contacts  since  all  deposited  films  have  p-type  conductivity.  At  a 
given  substrate  temperature,  the  carrier  concentration  depends  strongly  on 
the  AsHg/TMG  molar  ratio  in  the  reactant  mixture.  For  example,  the  hole 
concentration  varies  from  (1-2)  x  10*®  cm-®  to  (3-4)  x  10*®  cm-®  as  the 
AsHg/TMG  molar  ratio  increased  from  4  to  30  at  a  substrate  temperature  of 


500°C  as  shewn  in  Fig.  4-5.  The  carbon  content  in  GeAs  films  deposited  at 
500°C  was  determined  by  the  SIMS  technique  through  the  courtesy  of  Dr.  L. 
Kazmerski  of  SERI  to  be  4  x  10*^  to  2  x  10*®  cm-®.  An  example  of  the  SIM 
profile  of  C  and  0  content  in  the  deposited  film  is  shown  in  Fig.  4-6. 
While  the  carbon  concentration  is  higher  in  GaAs  films  deposited  at  low 
AsHj/TMG  molar  ratios,  the  carbon  content  in  the  films  cannot  be 
readily  correlated  with  the  carrier  concentration.  The  concentration  of 
oxygen  in  all  films  deposited  at  500°C  was  found  to  be  below  the  detection 
limit  of  the  SIMS  technique,  2  x  10*®  cm-®.  The  hole  concentration  in 
GaAs  films  depends  on  substrate  temperature,  and  the  dependence  is  more 


fixed  AsHg/TMG  molar  ratio  of  20,  the  hole  concentration  variea  from 
5  x  10^  cm“^  at  a  substrate  temperature  of  425°C  to  (2-3)  x  10*^  cm“^  at 
500°C.  This  could  be  due  to  the  higher  carbon  incorporation  at  higher 
deposition  temperatures.  The  hole  mobilities  are  in  the  range  of  (150- 
200)  cm^/V-sec.  Thus,  the  properties  of  the  homoepitaxial  GaAs  films 
deposited  by  the  ArF  excimer  laser-induced  MOCVD  are  very  similar  to  those 
deposited  by  the  conventional  MOCVD  technique. 


Figure  4-6  SIMs  depth  profile  of  C  and  0  content  in  an 
epitaxial  GaAs  film  deposited  under  condi¬ 
tions  as  those  shown  in  Fig.  4-3. 

4.3  DEPOSITION  AM)  CHARACTERIZATION  OF  HETKROKPITAXIAL 
GaAs  FILMS  ON  Ge  SUBSTRATES 

In  view  of  the  broad  interest  of  device-quality  GaAs  films  on  Si 
substrates  as  discussed  in  Section  1.0,  the  heteroepitaxial  growth  of  GaAs 
on  Si  or  on  Ge  coated  Si  have  been  studied  by  many  investigators.  The 
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Figure  4-7  The  hole  condentration  and  nobility  in  the  epi¬ 
taxial  GaAa  filne  aa  a  function  of  aubetrate 
tenperature.  The  deposition  conditions  are  the 
sane  aa  those  shown  in  Fig.  4-3. 


major  technique  used  for  the  heteroepitaxial  growth  are  the  conventional 
thermal  MOCVD  and  molecular  beam  epitaxy  (MBE) .  Device-quality  GaAs  films 
have  been  prepared  by  thermal  CVD  using  the  germanium  interlayer  [36.37], 
superlattice  buffer  layer  [38] ,  or  the  temperature  cycling  process  [39] ; 
however,  it  is  not  possible  to  eliminate  the  microcracks  generated  in  the 
GaAs  layer  due  to  the  high  deposition  temperatures  used  in  thermal  CVD. 
GaAs  devices  have  been  fabricated  in  various  laboratories  using  Si  as  the 
substrates  by  MBE  and  MOCVD  techniques  [40,41,42,43].  The  deposition  of 
GaAs  by  MBE  is  usually  carried  out  in  the  temperature  range  of  550-600°C. 
The  low  temperature  process  can  minimize  the  effect  of  thermal  stress  due 
to  the  large  difference  in  thermal  expansion  coefficient  between  GaAs  and 
Si.  However,  MBE  is  not  suited  for  high  volume  production  because  of  the 
high  equipment  cost  and  the  low  deposition  rate  of  GaAs.  The  hetero- 
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epitaxial  growth  of  GaAs  on  Ge  by  laser-induced  MOCVD  has  been  carried  out 
and  the  heteroepitaxial  growth  of  GaAs  on  Si  substrates  will  he  investi¬ 
gated  subsequently. 

Single  crystalline  Ge  wafers  of  (100)  orientation  were  used  as  the 
substrates.  The  substrates  were  cleaned  and  etched  in  the  CP4  polishing 
etchant  (15  HP,  25  HNO^,  15  HC2H3O2)  for  2  min,  followed  by  thorough 
rinsing  with  distilled  water.  The  wafer  was  then  dried  with  filtered 
nitrogen  and  placed  in  the  reaction  chamber.  Similar  to  the  homoepitaxial 
growth  of  GaAs,  the  Ge  substrate  surface  was  also  cleaned  in-situ  by  laser 
irradiation.  The  deposition  was  carried  out  at  the  substrate  temperature 
of  500°C,  the  laser  pulse  energy  of  87  mJ,  the  laser  pulse  rate  of  70  Hz, 
the  mole  fraction  of  TMG  of  1.6  x  10~\  and  the  AsH^/TMG  molar  ratio  of 
20.  Epitaxial  GaAs  film  with  specular  and  mirror  smooth  surface  has  been 
obtained  under  these  conditions.  The  deposition  rate  was  about  0.1  \i m/min 
and  the  deposited  film  was  also  p-type  with  a  hole  concentration  of 
1.5  x  10  cm  as  determined  by  Polaron  electrochemical  depth  profiler. 
These  values  are  similar  to  those  obtained  by  homoepitaxial  growth  of  GaAs 
under  the  same  deposition  conditions. 
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Abstract 

Epitaxial  gallium  arsenide  films  have  been  deposited  on  single 
crystalline  GaAs  substrates  at  425-500°C  by  ArF  excimer  laser- 
induced  MOCVD.  Using  AsH^/ (CH^gGa  molar  ratios  in  the  range  of 
4  to  30,  the  deposited  films  are  p-type  with  room  temperature 
carrier  concentrations  of  1018  -  1018  cm-8.  The  films  show  a 
specular  mirror  surface  when  the  AsI^/CCI^^Ga  molar  ratio  in  the 
reaction  mixture  exceeds  10.  The  carrier  concentration  decreases 
with  increasing  Asl^ACH^^Ga  molar  ratio  and  with  decreasing 
substrate  temperature.  The  carbon  concentration  in  the  deposited 
films,  determined  by  SIMS  technique,  is  in  the  range  of  5  x  lO1^ 
to  2  x  1018  cm-8. 


The  advantages  of  the  epitaxial  growth  of  gallium  arsenide  and  other 
III-V  compounds  at  low  temperatures  by  the  metalorganic  chemical  vapor 
deposition  (MOCVD)  technique  is  well  recognized.  For  example,  the  contami¬ 
nation  and  interdiffusion  can  be  minimized  in  multilayer  device  structures, 
the  process-induced  defects  due  to  thermal  stress  can  be  reduced,  and  the 
processing  flexibility,  such  as  the  epitaxial  growth  of  GaAs  on  Si.  can  be 
increased.  Since  all  group  III  organic  compounds  and  group  V  hydrides  show 
strong  absorption  hands  in  the  ultraviolet,^1  the  use  of  an  excimer  laser  to 
excite  the  reaction  species  to  higher  electronic  states  is  an  attractive 
approach  to  the  low  temperature  epitaxial  growth  of  III-V  compounds.  The 
homoepitaxial  growth  of  InP  films  using  ArF  (193  nm)  excimer  laser-induced 
photochemical  decomposition  of  (0113)310  and  (0113)3?  at  500°C  has  been 
reported.  Similar  approaches,  however,  have  produced  only  polycrystalline 
GaAs  films  at  400°C  using  ArF  laser  stimulated  decomposition  of  (0113)360 
(TMG)  and  (CHjJjAs.3  In  this  work,  homoepitaxial  GsAb  films  have  been 
deposited  at  425°-500°C  by  ArF  excimer  laser-induced  MOCVD  using  TMG  and 
ASH3.  The  preliminary  results  are  reported  in  this  letter. 

The  deposition  chamber  was  made  of  fused  silica  with  a  Suprasil  II 
window,  as  shown  schematically  in  Fig.  1.  This  chamber  was  equipped  with 
gas  inlet  and  outlet  tubes,  purging  gas  for  the  window,  and  thermocouple 
insert  for  controlling  and  monitoring  the  substrate  temperature.  The  sub¬ 
strate  was  heated  by  a  quartz  halogen  lamp  and  the  surface  of  the  substrate 
was  perpendicular  to  the  direction  of  the  laser  beam.  The  reaction  chamber 
was  operated  at  reduced  pressures,  and  the  low  pressure  control  system 
consisted  of  a  microprocessor  operated  throttle  valve,  a  Baratron  gauge,  and 
a  vacuum  pump.  The  exhaust  gas  from  the  reactor,  before  entering  the 
throttle  valve,  was  passed  through  a  cracking  furnace  and  a  liquid  nitrogen 
trap  to  ensure  the  complete  decomposition  and  removal  of  all  unreacted 
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species.  An  Lumonica  Model  HE-460-SM-A  ArF  laser  (193  no),  operating  at 
constant  power  under  microprocessor  control,  was  used  in  this  work.  The 
beao  cross-section  area  was  8  x  33  mo. 

The  deposition  of  GaAs  films  was  carried  out  by  a  computer— controlled 
MOCVD  system  using  TMG  and  AsH^  in  a  hydrogen  atmosphere.  Single  crys¬ 
talline  GaAs  substrate,  after  routine  cleaning  and  etching,  was  placed  in 
the  reactor,  which  was  then  evacuated.  The  pressure  in  the  system  was  main¬ 
tained  at  a.  fixed  value.  10-30  Torr,  throughout  the  deposition  process. 
When  the  substrate  reached  the  deposition  temperature,  its  surface  was 
cleaned  in-situ  by  laser  irradiation,  and  the  laser  power  was  adjusted  so 
that  the  etching  caused  no  damage  to  the  substrate.  A  number  of  deposition 
experiments  have  been  carried  out  over  a  wide  rar^e  of  process  parameters. 
Epitaxial  GaAs  films  have  been  obtained,  on  the  basis  of  metallurgical 
examinations,  under  the  deposition  conditions  of  the  substrate  temperture  of 
425-500®C,  the  laser  pulse  energy  of  80-100  mJ,  the  laser  pulse  rate  of  60- 
80  Hz,  and  the  AsH^/TMG  molar  ratio  of  4-30.  Without  laser  irradiation,  no 
deposition  was  observed  at  temperatures  up  to  600°C  under  otherwise  the  same 
conditions. 

The  structural  and  electrical  properties  of  the  deposited  films  were 
characterized  by  using  scanning  electron  microscopy,  electrochemical  carrier 
concentration  profile,  SIMS,  and  Hall  measurements.  Specular  and  mirror 
smooth  films  have  been  deposited  at  AsH^/TMG  molar  ratios  of  10  or  higher  in 
the  temperature  range  of  425°-  500°C.  However,  the  films  have  hazy  appea¬ 
rance  when  the  deposition  was  carried  out  at  low  AsHj/TMG  molar  ratios.  The 
deposition  rate  was  determined  by  direct  measurement  of  the  angle  polished 
and  etched  cross-sectional  surface  of  the  deposited  film  under  SEM  and  by 
using  the  Polaron  Model  4200  depth  profiler.  An  example  is  shown  in  Fig.  2 


where  the  GaAs  film  was  deposited  at  450°C  for  10  min.  using  a  mole  fraction 
of  TMG  of  1.6  x  10-4,  AsHj/TMG  molar  ratio  of  20.  laser  pulse  energy  of 
95  mJ,  and  laser  pulse  rate  of  70  Hz.  The  sample  was  subsequently  angle 
polished  at  5°  and  etched  with  the  AB  etch;4  the  thickness  of  the  epitaxial 
layer  is  about  0.5  ym.  The  epitaxial  layer  thickness  of  0.5  V>m  was  also 
obtained  by  using  the  Polaron  depth  profiler. 

The  deposition  rate  of  epitaxial  GaAs  decreases  with  decreasing  sub¬ 
strate  temperature  when  other  process  parameters  are  the  same.  Figure  3 
shows  a  plot  of  the  logarithm  of  the  deposition  rate  as  a  function  of 
reciprocal  absolute  temperature  in  the  temperature  range  of  425°  -  500°C. 
The  mole  fraction  of  TMG.  AsH^/TMG  molar  ratio,  laser  pulse  energy,  and 
laser  pulse  rate  used  for  these  experiments  were  1.6  x  10-4,  20.  95  mJ.  and 
70  Hz.  respectively.  The  linear  relation  at  substrate  temperatures  lower 
than  450°C,  indicates  that  the  deposition  process  is  controlled  by  the 
reaction  kinetics  at  the  substrate  surface.  At  higher  temperatures,  the 
deposition  rate  becomes  more  independent  on  the  substrate  temperature  indi¬ 
cating  that  the  mass  transport  mechanism  dominates. 

The  carrier  concentration  and  mobility  of  the  deposited  film  have  been 
determined  by  the  van  der  Pauw's  technique.  Au-Zn  alloy  was  used  as  ohmic 
contacts  since  all  deposited  films  have  p-type  conductivity.  At  a  given 
substrate  temperature,  the  carrier  concentration  depends  strongly  on  the 
AsHj/TMG  molar  ratio  in  the  reactant  mixture.  For  example,  the  hole  concen¬ 
tration  varies  from  (1-2)  x  10*®  cm-®  to  (3-4)  x  10*®  cm-®  as  the  AsHg/TMG 
molar  ratio  increased  from  4  to  30  at  a  substrate  temperature  of  500°C,  as 
shown  in  Fig.  4.  The  carbon  content  in  GaAs  films  deposited  at  500°C  was 
determined  by  the  SIMS  technique  to  be  4  x  10*^  to  2  x  10*®  cm-®.  While 
the  carbon  concentration  is  higher  in  GaAs  films  deposited  at  low  AsH-j/TMG 
molar  ratios,  the  carbon  content  in  the  films  cannot  be  readily  correlated 


with  the  carrier  concentration.  The  concentration  of  oxygen  in  all  films 
deposited  at  500°C  was  found  to  be  below  the  detection  limit  of  the  SIMS 
technique.  2  x  10*®  cm-®.  The  hole  concentration  in  GaAs  films  depends  on 
substrate  temperature,  and  the  dependence  is  more  pronounced  at  low  sub¬ 
strate  temperatures,  as  shown  in  Fig.  5.  Using  a  fixed  AsH^/TMG  molar  ratio 
of  20.  the  hole  concentration  varies  from  5  x  10*°  cm  J  at  a  substrate 
temperature  of  425°C  to  (2-3)  x  10*^  cm-®  at  500°C.  This  could  be  due  to 
the  higher  carbon  incorporation  at  higher  deposition  temperatures.  The  hole 
mobilities  are  in  the  range  of  (150-200)  cnr/V-sec.  Thus,  the  properties  of 
the  homoepitaxial  GaAs  films  deposited  by  the  ArF  excimer  laser-induced 
MOCVD  are  very  similar  to  those  deposited  by  the  conventional  MOCVD 
technique. 

In  summary,  good  quality  homoepitaxial  GaAs  films  have  been  deposited 
for  the  first  time  by  ArF  excimer  laser  induced  MOCVD  under  a  range  of 
experimental  conditions.  The  ability  of  achieving  homoepitaxial  growth  of 
GaAs  at  temperature  as  low  as  425 °C  will  have  a  wide  range  of  applications. 

The  authors  would  like  to  acknowledge  the  support  of  Office  of  Naval 
Research  under  contract  number  N00014-86-K-0740  and  to  thank  Dr.  Larry 
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Figure  Captions 

Figure  1.  Schematic  diagram  of  the  deposition  reaction  chamber. 

Figure  2.  Scanning  electron  micrograph  of  an  angle  polished  and  etched 
cross-sectional  surface  of  a  GaAs  film  deposited  at  450°C 
for  10  mins.  The  deposition  conditions:  mole  fraction  of  TMG, 
1.6  x  10“^;  AsHj/THG  molar  ratio,  20;  laser  pulse  energy,  95  mJ; 
laser  pulse  rate,  70  Hz. 

Figure  3.  The  deposition  rate  of  epitaxial  GaAs  films  as  a  function  of 
substrate  temperature.  The  deposition  conditions  are  the  same  as 
those  shown  in  Fig.  2. 

Figure  4.  The  hole  concentration  in  the  epitaxial  GaAs  films  as  a  function 
of  AsHg/TMG  molar  ratio.  The  depositions  conditions:  deposition 
temperature,  500°C;  mole  fraction  of  TMG,  1.6  x  10”  ;  laser  pulse 
energy,  95  mJ;  laser  pulse  rate,  70  Hz. 

Figure  5.  The  hole  concentration  and  mobility  in  the  epitaxial  GaAs  films 
as  a  function  of  substrate  temperature.  The  deposition  condi¬ 
tions  are  the  same  as  those  shown  in  Fig.  2. 


Figure  2.  Scanning  electron  micrograph  of  an  angle  polished 
and  etched  cross-sectional  surface  of  a  GaAs  film 
deposited  at  450°C  for  10  mins.  The  deposition 
conditions:  mole  fraction  of  TMG,  1.6  z  10~^; 
AsHg/TMG  molar  ratio,  20;  laser  pulse  energy, 
95  mJ;  laser  pulse  rate,  70  Hz. 
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Figure  4.  The  hole  concentration  in  the  epitaxial  GaAs  films 
as  a  function  of  AsHj/TMG  molar  ratio.  The  depo¬ 
sitions  conditions:  deposition  temperature, 
500°C;  mole  fraction  of  TMG,  1.6  x  10~4;  laser 
pulse  energy,  95  mJ;  laser  pulse  rate,  70  Hz. 
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The  hole  concentration  and  mobility  in  the  epita¬ 
xial  GaAs  films  as  a  function  of  substrate  tempe¬ 
rature.  The  deposition  conditions  are  the  same  as 
those  shown  in  Fig.  2. 


